Fetal alcohol spectrum disorder is a collective term representing fetal abnormalities associated with maternal alcohol consumption. Prenatal alcohol exposure and related anomalies are well characterized, but the molecular mechanism behind this phenomenon is not well characterized. In this present study, our aim is to profile important genes that regulate cellular development during fetal development. Human embryonic carcinoma cells (NCCIT) are cultured to form embryoid bodies and then treated in the presence and absence of ethanol (50 mM). We employed RNA sequencing to profile differentially expressed genes in the ethanol-treated embryoid bodies from NCCIT vs. EB, NCCIT vs. EB+EtOH and EB vs. EB +EtOH data sets. A total of 632, 205 and 517 differentially expressed genes were identified from NCCIT vs. EB, NCCIT vs. EB+EtOH and EB vs. EB+EtOH, respectively. Functional annotation using bioinformatics tools reveal significant enrichment of differential cellular development and developmental disorders. Furthermore, a group of 42, 15 and 35 transcription factor-encoding genes are screened from all of the differentially expressed genes obtained from NCCIT vs. EB, NCCIT vs. EB+EtOH and EB vs. EB+EtOH, respectively. We validated relative gene expression levels of several transcription factors from these lists by quantitative real-time PCR. We hope that our study substantially contributes to the understanding of the molecular mechanism underlying the pathology of alcohol-mediated anomalies and ease further research.
Introduction
Prenatal exposure to alcohol has profound effects on many aspects of fetal development. Although alterations in somatic growth and specific minor malformations of facial structure are most characteristic, the effects of alcohol on brain development are most significant in that they lead to substantial problems with neurobehavioral development. Since the initial recognition of the fetal alcohol syndrome (FAS), a number of important observations have been made from studies involving both humans and animals. Of particular importance, a number of maternal risk factors have been identified, which may be of relevance in the development of strategies for the prevention of the FAS and intervention for those who have been affected.
In recent decades, tremendous progress has been achieved in the research area related to alcoholic toxicity during fetal development. Alcohol can cause dramatic and irreversible effects on the fetus, such as developmental delay, head and facial irregularities, seizures, hyperactivity, attention deficits, cognitive deficits, learning and memory impairments, poor psychosocial functioning, facial irregularities, and motor coordination deficits [1] . However, the exact developmental phases in which alcohol has these specific effects on the fetus are not entirely known. Several findings related to molecular mechanism have been published recently, including studies implicating retinoic acid signaling [2, 3, 4] , glucocorticoid signaling [4, 5] stress response genes [6, 7] , mitogen-activated protein kinase (MAPK) cascade [8] , neurotransmitters [9, 10] , phosphoinositide 3-kinase [11] , calcium signaling [12] , Wnt signaling [13, 14] , and the Notch and JAK/STAT signaling pathways [11, 15] .
Epigenetic modifications, including DNA methylation in particular, regulate key developmental processes, including germ cell imprinting and stem cell maintenance/differentiation, and play a crucial role in the early periods of embryogenesis [16, 17, 18] . DNA methylation is also a fundamental aspect of programmed fetal development, determination of cell fate, pattern formation, terminal differentiation and maintenance of cellular memory required for developmental stability [17, 19] . Moreover, aberrant epigenetic changes in response to environmental stimuli have been shown to contribute to developmental disorders [20] . Recently, several hypotheses involving alcohol (ethanol)-induced changes in genetic and epigenetic regulation of cells as possible molecular mechanisms of fetal alcohol spectrum disorders (FASDs) have been advanced [21, 22, 23, 24, 25, 26] . However, the precise mechanisms by which ethanol alters the transcriptional landscape are still largely unknown. In addition, ethanol influences the molecular, cellular, and physiological regulation of adult stem cells in a dose-dependent manner, which likely contributes to the deleterious consequences of excessive alcohol consumption in adults [27, 28, 29, 30] .
Embryonic carcinoma (EC) cells exhibit pluripotent gene expression profiles similar to embryonic stem cells and both of these cell types exhibit unlimited self-renewal capacity and can give rise to derivatives of all three embryonic germ layers as demonstrated by EBs in cell culture and in the development of tumors after injection into adult mice [31, 32] . EC cells are derived from malignant teratocarcinoma and can proliferate independently of growth factors and cytokines. In vitro, EBs can differentiate spontaneously from ES, EG and EC cells as aggregates. EBs are part of a well-established model to investigate cellular differentiation and gene expression patterns during ES, EC and EG cell differentiation in vitro [33] . In the present study, we have set up an in vitro model for ethanol exposure on NCCIT cell-derived embryoid bodies (EBs), which mimic early fetal development. Our goal was to profile novel genes that were altered by ethanol to aid future research regarding alcohol-related fetal abnormalities. We compare the gene expression profiles in the presence and absence of ethanol by RNA sequencing analysis. We also carried out extensive bioinformatics analysis on the gene expression data and selected a group of genes that encode transcription factors (TFs) during embryonic development.
Materials and Methods

Cell Culture and Ethanol Treatment
We used human embryonic carcinoma (NCCIT), collected from the American Type Culture Collection (CRL-2073) cells for our study. The cells were cultured in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS), 100 IU ml-1 penicillin and 10 μg ml-1 streptomycin at 37°C in a CO 2 incubator. For EB formation, 1 × 10 6 NCCIT cells were plated in the 90-mm bacterial culture dishes (non-adherent culture conditions) in Opti-MEM growth medium for 24 h. The morphology of EBs was examined by phase contrast microscope and immunocytochemistry analysis (S1 Fig) . After 24 h, the EBs were exposed to ethanol for another 48 h, whereas control cells remained untreated. We changed culture media every day to ensure a constant ethanol concentration during the course of the study. To prevent ethanol evaporation from the culture dishes, ethanol-treated cells were cultured in a separate CO 2 incubator that was saturated with 50 mM ethanol, as previously described by our group [34] . A graphical experimental scheme of our protocol is presented in Fig 1A. Isolating Total RNA and cDNA Synthesis
Total RNA samples were extracted by homogenization in RNAiso Plus (Takara BIO, Shiga, Japan) according to the manufacturer instructions. Briefly, after mixing of chloroform (200 ml) it was gently inverted for 5 minutes and then centrifuged for 15 min at 14,000 x g at 4°C.
The upper solution was collected and 600 μl of isopropanol was added to it. After 1 h incubation the lysis mixture was centrifuged at 14,000 x g for 15 min at 4°C, and the isopropanol was decanted. Ice-cold 70% ethanol was added to the RNA pellet for gentle washing. After centrifuging for 10 min, the ethanol was discarded. The RNA pellets were dried at room temperature for 5 min and then added 20 μl RNase-free water in it. The quality and quantity of extracted total RNA was measured by an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) and a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), respectively. Reverse transcription of the extracted RNA was conducted according to Halder et al., 2014[2] . In brief, the first-strand cDNA was synthesized with SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).
RNA Sequencing (RNA-seq)
Ribosomal RNAs (rRNAs) from total RNA (5 μg) were removed using a RiboMinusTM Transcriptome Isolation Kit (Invitrogen). rRNA-depleted total RNAs (100 ng) were used to construct paired-end transcriptome libraries using the NEBNext1 UltraTM Directional RNA Library Prep Kit for Illumina1 (New England Biolabs, Ipswich, MA, USA). Briefly, firststrand cDNAs were synthesized from rRNA-depleted RNA samples, followed by secondstrand synthesis with DNA polymerase I and RNase H. The double-stranded cDNAs were then end-repaired and ligated to adaptors. Ligated libraries were then separated on a 2% agarose gel (Duchefa, Haarlem, The Netherlands), and fragments with sizes between 300-400 bp were purified using the MinElute Gel Extraction Kit (Qiagen, Hilden, Germany). Fragments were amplified for further enrichment and purified with ethanol precipitation. The cDNA fragments (101 bp) were sequenced using the Illumina HiSeq2500 (101 cycles PE lane) (National Instrumentation Center for Environmental Management in Seoul National University). Two biological replicates were prepared from each condition. A tabular description of read count is presented in the S1 
Analysis of the Sequencing Data
Raw sequence files underwent a quality control analysis using FastQC [35] . To avoid low-quality data, we clipped the adapters and trimmed the reads using FASTX-Toolkit [36] . Paired-end reads were alignments to the Homo sapience genome (Homo sapiens UCSC hg19) using Top hat [37] using default parameter. For the analysis of differential expressed analysis was performed with Cufflinks [38] . Default settings were used in aforementioned methods. Differentially expressed genes showing more than 1.0-fold change in their log 2 fold-change (Pvalue < 0.05) were selected for functional annotation.
Functional Annotation, Heat Map Construction and Enrichment Analysis
Functional annotation of significant genes identified by the RNA-seq analysis was searched using the web accessible program Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov). DAVID calculates a modified Fisher's Exact P-value to demonstrate gene ontology (GO), where P-values less than 0.05 are considered to be strongly enriched in the annotation category. We constructed heat maps to view the relative expression patterns of our array data using TIGR Multiexperiment Viewer (MeV). MeV is a Java-based microarray data analysis tool (desktop application) that allows advanced analysis of gene expression data through an intuitive graphical user interface. We uploaded our array data in text file format and chose two color arrays to create heat maps. Integrated disease enrichment analysis was performed using ingenuity pathway analysis (IPA). The DEGs were mapped in the analysis tool and observed for significant disease pathway enrichment. This analysis helped us understand causal connections between diseases and genes.
Quantitative Reverse Transcription-Polymerase Chain Reaction
All assays were run on a ABI 7500 Real-Time PCR System (Applied Biosystems, Inc., Foster City, CA, USA) using the SYBR Premix Ex Taq TM II (Otsu-Shi, Shiga, Japan). The reaction volume was 20 μL and the PCR conditions were as follows: 30 sec. at 95°C, 40 cycles of 5 sec. at 95°C and 34 sec. at 60°C, followed by a melting curve analysis step. If all amplicon showed a single Tm, the PCR reactions were considered specific. Every sample was measured in triplicate, and relative quantification was effected by means of the comparative CT (ΔΔCT) method. GAPDH was used as a housekeeping gene to normalize the expression data. The primers used for gene validation are listed in S2 Table. Transcription Factor Binding Motif Enrichment Analysis NCBI reference sequence mRNA accession numbers were subjected to transcription factor binding motif analysis using the web-based software Pscan (http://159.149.109.9/pscan/) [39] . The JASPAR [40] database of transcription binding factor sequences was analyzed using enriched groups of −950 base pair (bp) sequences to +50 bp of the 5' upstream promoters. The range of −950 to +50 was selected from the range options in Pscan to obtain the best cover for a −1000 to +50 bp range.
Statistical Analysis
In this study, we ran three technical replicates to study the relative gene expressions for control and treated samples. For qRT-PCR analysis, results are presented as the mean ± standard error of the mean (SEM) (n = 3). For the statistical analyses, Student's t-test was performed using the Microsoft Office Excel, 2010 program at the 0.05 probability level.
Results
Gene Expression Profile Analysis of Ethanol Exposure During Early Development
We performed RNA-seq analysis for NCCIT, EB and EB with EtOH and compared each dataset with another in the manner of NCCIT vs. EB, NCCIT vs. EB+EtOH and EB vs. EB +EtOH. After normalization of gene expression profiling data, we first examined the number of all altered genes. Using the threshold of more than 1. 1C) . We also drew line graph to generalize the expression patterns of the DEGs among these datasets ( Fig 1D) . The numbers of altered genes represent the effect of alcohol intoxication during early fetal development which may have a serious consequences regarding proper embryonic development.
Pathway Analysis of Differentially Expressed Genes
To obtain a global view of the biological processes represented in these DEGs, we carried out GO term enrichment analysis using a false discovery rate (FDR) cutoff of 0.05. We have short-listed the total enriched GO terms and showed in the S2 Fig. To explore the ethanol responsive categories we considered the comparison between EB vs. EB+EtOH dataset. GO term enrichment analysis revealed preferential increases in the expression of genes in response to ethanol exposure involved in diverse cellular activities including "positive regulation of cell proliferation", "carbohydrate biosynthetic process", "embryonic organ development", "regulation of cell development", "negative regulation of cell differentiation" and others (S2C Fig) . In addition, there was a dramatic decrease in the levels of transcripts in the GO categories of "intracellular signaling cascade", "regulation of cell proliferation", "response to organic substance", "positive regulation of molecular function", "negative regulation of signal transduction", and others between the control and ethanol-treated EBs (S2C Table 1 . We also listed enriched canonical pathways for other two datasets. In brief, DEGs were significantly involved in a total of 119 and 17 pathways in NCCIT vs. EB and NCCIT vs. EB+EtOH, respectively. Top 15 enriched pathways from each dataset were listed in S3 Table and S4 Table, respectively. The enrichment of different pathways provide a clear idea that ethanol has the ability to alter cell state or to mislead directed paths during early development.
Neuronal Development is Activated by Ethanol During Early Development
From the GO analysis, we gained an idea of functional categories of the DEGs. Again, to obtain more molecular information, we examined our gene list for cellular and molecular functional analysis using IPA. Under the threshold of <0.05, a total of 21 categories in EB vs. EB+EtOH dataset are listed. The second top most enriched category is "cellular development" in which 155 genes are altered by ethanol exposure (Fig 2C) . These 155 genes are involved in the development of neurons, proliferation of carcinoma cell lines, differentiation of cells, neuritogenesis, development of central nervous system cells and also other important developmental functions (data not shown). Thus, any alteration of these developmental processes will raise major disorders. We also analyzed enriched categories for NCCIT vs. EB and NCCIT vs. EB+EtOH. In brief, a total of 24 and 25 categories are listed, respectively. The top 10 functions of each comparison group are presented in Fig 2A and 2B .
From the list shown in Fig 2C we have noticed that a large amount of differentially expressed genes (37) were enriched to "development of neurons". The findings were interesting and we drew a network for development of neurons and found that 11 genes were involved to activate neuronal development (marked as orange lines in the network, Fig 3A) . It was reported that knocking down of rat Pcyt1b gene decreased sprouting and branching of neurites in PC-12 cells [41] . Additionally, induced expression of mouse Lrrn1, Ddah1 and Atf3 increased synaptogenesis [42] , increased formation of neurite [43] and increased sprouting of axons [44] , respectively. Zine et al. [45] have reported that mouse Hes1 is involved in differentiation morphogenesis of neurons and decreasing of its expression results increased hair cells formation [46] . Knocking down of mouse Rhob gene increased branching of dendrites and increased length of dendritic spines in pyramidal cells [47] . Additionally, knocking down of rat Elk1 mRNA by shRNA increases density of dendritic spines [48] . DAB1 protein is an important candidate during neural development. It was reported that human DAB1 protein affects formation to neurite in cultured chicken retinal cells [49] . Additionally, mouse Dab1 is involved in development of dendrites [50] and it decreased axonogenesis of axons [51] ,same as rat Thy1 [52] . Furthermore, Yaguchi et al. [53] reported that suppression of mouse Prkcsh mRNA by shRNA increased neuritogenesis of N1E-115 cells in cell culture. NF-kappa B signaling promotes both cell survival and neurite process formation in nerve growth factor-stimulated PC12 cells [54] . We have prepared a functional network for these 11 genes only where their proposed roles in neuronal development were plotted (Fig 3B) .We validated all of the 11 genes by qRT-PCR. We observed that all of selected genes were significantly altered to activate neuronal development as IPA network claimed except ELK1 (Fig 3C) . Thus, we assumed that there would be an assistance effect exerted by ethanol itself during the development process.
A Set of Transcription Factor-encoding Genes are Altered by Ethanol
At this stage we were prompted to profile ethanol-responsive TFs available in our datasets. ethanol during early development. All identified TFs are listed in Table 2 . To observe a clear comparison between these 3 datasets we have drawn a Venn diagram where intersectional comparisons were represented in a 2 by 2 comparison manner (Fig 4A) . Based on the 1.0 log 2 fold-change criteria for mining the biological data, heat maps were constructed where the expression changes were detected very easily (Fig 4B, 4C and 4D ). We also drew heat maps for common TF-encoding genes between NCCIT vs. EB and EB vs. EB+EtOH datasets (Fig 4E) . We have divided all differentially expressed TFs into 4 clusters where Cluster 1, 2, 3 and 4 represent up-up, up-down, down-down and down-up relationships between the compared datasets, respectively. Unfortunately, we did not get any genes under cluster 1 and 3 where 6 and 10 genes were listed under cluster 2 and 4, respectively ( Fig 4E) . We also drew line graph to generalize the expression patterns of the common differentially expressed TFs among these datasets (Fig 4F) .The relative expression differences were clearly noticeable in those figures.
We also performed enrichment analysis of known TF motifs using known TF motifs in the JASPER database to identify motifs enriched in these differentially expressed TF-encoding genes. We found that there were a total of 80 TFs in NCCIT vs. EB, a total of 28 TFs in NCCIT vs. EB+EtOH and a total of 13 TFs in EB vs. EB+EtOH, whose binding sites were significantly over represented in the promoter region of differentially expressed TF-encoding genes (p <0.05). Top 5 enriched motifs are presented in Fig 4G, 4H and 4I. Our aim was to profile ethanol-responsive TFs that will help other researchers to find more molecular mechanism conducted by ethanol. So, we emphasized the TFs found in EB vs. EB+EtOH dataset and chose several genes randomly to validate their expressions. Expression graph showed the consistent results with RNA-seq analysis (Fig 5A) . To observe the expression of selected TF-encoding genes in response with ethanol we also studied different concentrations of ethanol (15 mM, 30 mM and 50 mM) which mimic low, medium and high exposure units. qRT-PCR analysis showed that low and high doses were more effectual to developing EBs (Fig 5B) .
Discussion
Alcohol and developmental disorder is a well-established phenomenon but the manner in which alcohol exerts its toxic effect is still not well understood. Here, we have tried to explore genomic alterations mediated by ethanol during early development to profile ethanol-targeted gene expressions. In this study, we used NCCIT cells and applied RNA sequencing to profile ethanol-targeted genes and tried to categorize the genetic alterations according to molecular and cellular functions. We have listed a group of TFs that were regulated by ethanol during early development and, to our knowledge, we are the first group to profile a set of ethanolresponsive TFs. There is a similar study previously published [56] by our group where we tried to find proteomic changes by ethanol using MALTI-TOF MS. In the former study we treated NCCIT cells by ethanol from the very beginning without waiting for EB formation. In simple word, the formation of EB was under ethanol exposure itself. But in the recent study we did form EB at first and then exposed to ethanol. The later one is much closer to mimic embryonic state exposed by ethanol.
From the RNA sequencing data, we obtained a large number of genes that were differentially expressed. The number of altered genes highlighted a very simple analysis that ethanol is represent proposed roles in neuronal development in aspect of expression patterns found in EB vs. EB +EtOH data set. C) qRT-PCR analysis for the relative mRNA expression of the 11 genes responsible for the activation of neuronal development. The expression value was normalized to the GAPDH expression level. Values are represented as average mRNA expression ± SEM bars, n = 3 replicates. Asterisks indicate statistically significant changes based on adjusted p-values < 0.05. doi:10.1371/journal.pone.0149976.g003 It was found that ethanol accelerated the development of neurons during early development by altering expression of some important regulators when we analyzed EB vs. EB+EtOH. This was an interesting finding and we validated this prediction providing qRT-PCR analysis results of all 11 DEGs. From the previously reported articles we have found that those 11 genes were involved in regulation of neuronal morphogenesis, sprouting and branching of neurites, neuritogenesis, synaptogenesis, axonogenesis, length and branching of dendrites [41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54] . Thus, it can be assumed that ethanol is a potent regulator during early development. Whether the activation of neuronal development has any correlation with FASD seeks further in depth analysis.
Profiling of Ethanol-Responsive Transcription Factors
Furthermore, we have selected TFs that have altered expression by ethanol exposure for one day. The relationship between ethanol and TF expression is not yet well studied. So, our provided list of TFs would be a very helpful asset in the study of early embryonic development in aspect of with or without ethanol. The mode of regulation is still unknown, and further indepth analysis is needed. For further research it would be better to emphasized TFs from EB vs. EB+EtOH dataset because this is a direct comparison. We observed that among the 35 ethanoltargeted TFs found in EB vs. EB+EtOH dataset, a total of 8 belong to the zinc figure family. Zinc finger proteins are a large family of TFs involved in diverse functions, including DNA recognition, RNA packaging, transcriptional activation, the regulation of apoptosis, protein folding and assembly, and lipid binding [57] . The target genes and associated functions of the listed zinc finger proteins are not yet well characterized, but their presence is very much essential for normal development [58, 59] . Studies suggest that altered zinc finger protein expression is associated with different diseases [60, 61] . Ethanol, a potent teratogenic agent might have the same consequences during development as we found. Additional experiments are required to confirm this hypothesis. Here listed TFs could be treated as a marker gene to evaluate abnormal development under ethanol exposure. In a general sense, alteration of those TFs can cause different types of molecular and cellular abnormalities. Whether FASD-related abnormalities are due to altered expression of these TFs needs further investigation. We have found 4 TF- Profiling of Ethanol-Responsive Transcription Factors encoding genes which were common in NCCIT vs. EB+EtOH and EB vs. EB+EtOH data sets. We hope that these 4 TFs would be very meaningful to the future researchers to find ethanolmediated molecular pathways by which it affects developmental dynamics.
Here, we provided a profile of genes that are altered by ethanol exposure during early development and selected a group of ethanol-targeted TFs. We did not validate the protein expressions of these TFs, which is a limitation of this study. To determine the target genes of these TFs and establish the association with ethanol-mediated abnormalities requires more in-depth analysis. We hope that our preliminary profile will help researchers in future studies and solve ethanol-mediated mysteries during fetal development. 
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